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(57) A supply system with fuel cells (l)arKJ a buffer 
battery (8) for a setf-sipplied vehicle with electric drive, 

in which the electrical power developed by the fuel cells I f I \~ '^-^1 -i-- 

is transferred to the battery and to the load (Z1) by 
means of a resonant converter (3, L, C) with a series 
load (Z) constituted t>y a voltage step-i^ transformer (5) 
with its secorvJary (51) connected to a rectifier bridge 
(6) the output of which Is connected to the battery termi- 
nals, and the switching frequency of the converter, 
which operates with an output power independent of its 
load and proportbnal to the switching frequency, is con- 
trolled so as to ensure a power delivered by the cells pi C/! 1 
between a minimum and a maximum and correlated 
jointly with the battery voltage and the load current 
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Description 

"me present invention relates to a siwly system with fuel cells and a buffer battery for a self-supplied vehicle with 
electric drive. 

5 It is known that in the transport field, there is an ever greater need to use electric drive systems on road transport 
vehicles, particularly urban vehicles, Instead of combustion engines which have a large environmental Impact and, from 
the energy point of view, a lower efficiency than can be achieved with electric drive systems. 

Pure electric drive with electrical energy drawn directly from a distribution network only apparently is the best solu- 
tion, since it requires the production and maintenance of expensive and complex fixed plant (substations and a distri- 
10 bution network) and restricts the vehicles to obligatory routes. 

Electric drive with a battery supply does not limit the mobility of the vehicles to obligatory routes but is seriously lim- 
ited in terms of autonomy. 

A first solution to these problems was the production of hybrid diesel/electric and battery vehicles in which a diesel 
engine operating at a constant speed at the point of minimum specific consumption drives an electric generator which 
15 continuously recharges a buffer battery for supplying electrical loads. 

The environmental inrpact is thus limited with a good optimization of the power generated, in use. 

The production of hybrid vehicles in which the buffer battery of a vehicle with electric drive is recharged by fuel cells 
has also k>een proposed, further reducing the environmental inpact and the noise caused by these vehicles. 

For exanple, the publication W093A)9572 describes a system for supplying an electric motor of an electric vehrcle 
20 in which fuel cells recharge a buffer tattery and the connection between the two elements is made by means of a 
generic voltage regulator the characteristics of which are not specified. 

A basic protilem in the production of hybrid vehicles of this type is constituted precisely by the interfacing of the fuel 
cells with the buffer battery and t>y the adjustment of the power delivered by the fuel cells in dependence on the load 
requirement of the vehicle and the charge state of the batteries. 
25 The power output available from the stacks (or blocks) of fuel cells for practical use in vehicles is in fact associated 
with voHage and current values which are not compatible with the drive system which, in order to limit the cun^ent to val- 
ues which can be withstood by the electronic components on the market, requires a sufficiently high voltage. 

Moreover, the dynamic electrical characteristics of the two components, the fuel cells and battery, are very different. 

Whereas the static internal resistance of the fuel cells is comparable to that of the battery, be it of the nrckel-cad- 
30 mium or of the lead type, in contrast, the fuel cells are much slower to aJapt to transients of the power delivered and 
have a very high internal dynamic resistance and considerable hysteresis which is not conrpatible with the abrupt 
changes in load and power required of a vehicle. 

Finally, it should be noted that the electrical characteristics of a battery are greatly influenced by its charge slate 
and by its age. 

35 The present invention solves this technical protrfem and provides a sipply system with fuel cells and a buffer t>at- 
tery in which a highly effident, very safe and extremely sinrple electronic regulation system forms the interface and 
ensures optimal performance of the drive system. 

In particular, the electronic regulation system performs the following functions: 

40 - it limits the current of the fuel cells to a maximum permitted design value which can be withstood t>y the cells; this 
is necessary because the fuel cells cannot limit their output power themselves; 

it regulates the power delivered by the cells in dependence on the charge state of the batteries and on the power 
required by the load; 

45 

- it limits the rate of increase of the power delivered by the cells to permissible values; 

- it ensures galvanic isolation between the battery and the fuel cells, eliminating the risk of catastrophic events such 
as the destruction of the fuel cells as a result of recirculation of energy from the batteries to the fuel cells; 

50 

• it adjusts the voltage output by the fuel cells to a higher battery voltage. 

These results are achieved by an electronic regidation system comprising a resonant converter with series load 
connected to the output of the fuel cells, a high-frequency step-up transformer with its primary connected to the output 
55 of the converter, and a rectifier bridge with fast diodes with its input connected to the secondary of the transformer and 
its output connected to the battery and logic control circuits. The latter detect the cunent absorbed by the toad and the 
battery voHage and nrwdify the working frequency of the converter so as to control ttie cunrent, and hence the power, 
delivered. 

The voltage output by the supply system, on the other hand, is continuously adjusted in relation to the battery volt- 
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age. 

TTie characteristics and advantages of the invention will t>eoome clearer from the following description of a pre- 
ferred ennbodiment and from the appended drawings, in which: 

5 Figure 1 1s a block diagram of a supply system for a vehicle according to the present invention, 

Figure 2 is a graph showing the electrical characterfetic of a fuel cell of the system of Rgure 1 . 

Figure 3 is a graph showing the electrical characteristics of a battery of the system of Figure 1 , 

10 

Figure 4 is a graph showing the electrical characteristic of a resonant converter of the system of Rgure 1. 

Figure 5 shows the regulation characteristics of the system of Rgure 1 . 

15 Figure 6 shows the electrical layout of a prefened analog embodiment of tiie control circuit of the system of Rgure 
1. 

Figure 7 Is a block diagram showing a preferred digital embodiment of the control circuit of the system of Rgure 1 , 

20 Figure 8 shows, In section, a preferred embodiment of an Isolation and vottage-adaptatk>n transformer for the sys- 
tem of Figure 1 . 

With reference to Rgure 1 , the hybrid supply system of the present Invention comprises a stack of fuel cells 1 (pref- 
erably of the type witti a solid polymer electrolyte SPE). an input capacitor 2. an H-shaped conversion bridge 3 for con- 
25 verting direct^rrent voltage to alternating pulses, the bridge being supplied by the stack of cells 1 and in tum 
supplying, arranged in series, an inductance C a capacitor C and the primary 4 of a transformer 5 of which the second- 
ary 51 is connected to the input of a diode rectifier bridge 6. 

These diodes are preferably of tiie fast-recovery ISOTDPV type. 

The output of the bridge 6 is connected to the terminals of a capacttive f IKer 7 and to the temninals of a buffer battery 
30 8 which in turn sig)plies a variable load Z1 constituted by drive members of the vehicle and by the electronic control sys- 
tem thereof. 

No inductance is required for smoothing and eliminating dynamic current transients for the coupling of the output 
of the t)ridge 6 to the battery 8. 

The system Is completed by a sensor 9 for detecting the cunent absorbed by tiie load, a sensor 10 for detecting 
35 the si^ly voltage delivered by the battery 8. arxJ control logic 1 1 which generates a periodic variable-frequency control 
signal F for controlling the switching frequency of the conversion bridge 3 in dependence on the battery voltage and the 
load current. 

The control logic 1 1 is completed by phase corrtrol logic 12 which generates, in dependence on the signal F. a plu- 
rality of cont'd signals which are applied to each of the electronic switches of the conversion bridge 3 Individually 
40 The conversion bridge 3, which is intended to operate at a fairly high switching frequency of from 1 0 to 40 Khiz and 
more. Is constituted by IGBT (insulated gate bipolar transistor) electronic switches. 

These devices are characterized by a voltage drop of the order of 1 .5-2 volts e^en for currents of the order of hun- 
dreds of amperes; they require minimal driving power and simple driver circuits and they have quite low switohing 
losses. 

45 Their working frequency is of the order of from 10 to lOOKHz according to the power witched. 

Each IGBT is associated with a fast antiparallel diode, in known manner, to enable it to operate with half^^des of 
current of opposite senses, and a focal control circuit which swrtohes it on and off for a predetermined conduction inter- 
val P at a frequency set by the signal F 

This local control circuit is shown schematically for all four IGBTs by the block 12. 
50 The conversion bridge 3. together with the inductarice L, the capacitor C and tiie series load Z formed by the trans- 
former 4 arxi by the loads supplied thereby, forms a resonant bridge converter with series load. 

As is known, in order to regulate tiie power output, a resonant converter Is operated with variations of the switohing 
frequency 

Basically two modes of operation are provided for: discontinuous operation and continuous operation. 

55 

Discontinuous operation 

In this mode of operation the conduction interval P of the switches of the bridge is constant and Is equal to or 
greater than the resonance period 1/f of the network (1/f = 2n JlC) and the variable switching period t/F of the 
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switches is equal to or greater than twice the resonance period (1/F ^ 2/F). 
Resonant converters which operate in this way are called "quasi-resonant". 

As is known, unlike non-resonant switching systems, a full-wave quasi-resonant converter (the bridge configuration 
off the converter ensures full-wave resonance) with a series load enables the switches to be closed and opened when 
5 the current flowing in the switches is theoretically zero. 

TTie switching losses are thus drastically reduced and this enables the switches to operate at very high working ffre- 
quendes limited only by the intrinsic switching times of the devices and not by the power which can be dissipated. 

In addition to this property, however, a fuil-cycle semi-resonant converter also has the property that if the imped- 
ance/resistance of the load Z is less than the square root of the ratio between the inductance and the capacitance of 
10 the resonant circuit, that is. if. in the case of a purely resistive load R < JUC . the amplitude of the sinusoidal current 
pulses introduced into the network and of the corresponding current pulses available in the secondary of the trans- 
former 5 is substantially independent of the load impedance and depends solely on the supply voltage and on the val- 
ues of L and C. 

If the supply voltage is constant and. from this point of view, the fuel cells which supply the conversion bridge are 
75 in practice a constant^ltage generator, the average value of the cun-ent delivered to the load by a full-cycle quasi-res- 
onant generator is proportional to the number of current pulses introduced per unit of time and hence to the switching 
frequency F. 

This enables the power delivered by the fuel cells to the load to be controlled simply, precisely and effectively with- 
out the need to control the voltage output by the smoothing filter 7 in any way in order to adjust it to the voltage actually 
20 present at the terminals of the battery 8 and to the toad requirement. Naturally, the transformer 5 has to have a turns 
ratio adequate to take account of the need to apply voltage and current pulses to an active load constituted by a voltage 
generator (battery) in opposition to the pulse voltage which is output by the transformer and applied to the load by 
means of the diode bridge. 

Since the voltage pulses applied to the primary cannot exceed the minimum voltage output by the fuel cell (for 
25 exarrple 460 volts) and the maximum battery voltage is greater (for example 750 volts) it is necessary tor the turns ratio 
NS/NP of the transformer (where NP is the number of primary turns and NS is the number of secondary turns) to be 
greater than 1 and. theoretk;ally, the ratio between the maximum battery voltage and the minimum voltage delivered by 
the fuel cell is preferably of the order of twice the ratio between the mean value of the battery voltage and the mean 
value of the voltage delivered by the fuel cells. 
30 This is because of the considerations which will be developed below. 

At the level of a supply system such as that under discussion herein, the drawt}ack of the use of a quasi-resonant 
converter is that the nrmimum current is delivered when the switching frequerx^y is at a maximum and equal to half the 
resonance frequency. 

As a first approximation, since the losses in the magnetic circuit of a transfonmer supplied by current pulses of uni- 
35 form shape and variable period increase in proportion to the working frequency and those in the windings inaease with 
the square of the current, in a system with a quasi-resonant converter with a transformer, the k>sses in the transformer 
(and in the inductance of the resonant circuit) increase more than proportionally with the working frequency and, in 
maximum current conditions, are higher than for other working conditions and may render the dimensions off the trans- 
former critical. 

40 It is therefore advantageous to replace the quasi-resonant operation of the converter (even though the switching 
losses in the switches are virtually cancelled out in this operation mode) with continuous operation. 

CpntinMQMgpp^rqtiQn 

45 In this mode of operation, the switching frequency of the converter is equal to or greater than the resonance fre- 
quency of the drcuit and the current delivered decreases as the frequency inaeases by a law determined by the inped- 
ance of the resonant circuit (which is variable with frequency). 

The switching of the switches of the converter takes place with zero current only for a switching frequency equal to 
the resonance frequency and, for higher frequencies, the curent is not zero but is nevertheless less than the peak cur- 

50 rent and decreases with increase in frequency. 

With an acceptable penalization of the operation of the converter, the advantage is thus achieved that the losses in 
the transformer in the various k>ad conditions are equalized to a certain extent and. for all load conditions, have a value 
which is much less than would occur in the case of a converter operating discontinuously at the maximum frequency 
and at the corresporxJing maximum bad. 

55 Before the control logic 1 1 is desaibed in greater detail, it is appropriate to consider, with reference to Rgures 2, 3 
and 4, the electrical characteristics of the fuel cells, of the batteries, and of the system constituted by the fuel cells and 
by the quasi-resonant converter connected to an active load, which constitutes a characteristic of the present invention. 

Rgure 2 shows as a graph of the voltage V and the current IPC, the static characteristic of an SPE fuel cell (in prac- 
tice formed by a stack of ceils) used in the present application and shows that the voltage delivered with a load off 
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between a few A up to 100 A varies lineariy between about 640 and 500 V. 

The load limit of 100 A is dictated by structural concerns and conresporxls to ttie maximum power which can be 
delivered by the cell. 

The internal resistance of the cell is atx)ut 1 .7-1 .8 a 
5 The static characteristic shown also descrft>es the behaviour of the cell in dynamic conditions rf the Increases in 
load ever time are less than a predetermined limit of the order of 80A/S. 

For increases In load greater than SOPJs, under any load conditions, there are large voltage drops represented by 
the broken lines A. B and C. 

The maximum permissit)le power delivered by the fuel cell is of the order of 50 KW and advantageously constitutes 
10 a fraction of between 10% and 30% (for example, 20%) of the peak power required t>y the drive system, and is equal to 
the mean value of the power absorbed by the drive system within the daily working span, increased by a value of 
between 1 0% and 20% to take account of the conversion eff k»ency at tiie various levels and to permit buffer operation 
of the fuel cell which, on average, can meet the daily energy requirements. 

Figure 3 shows as a graph of voltage V and current IL, two electrical characteristics D. E of a nickel cadmium bat- 
15 tery for use in the present application, corresponding, respectively, to a state of minimum accumulated charge (graph 
D) and to a state of maximum accumulated charge (graph E) in the battery 

In delivery conditions, the apparent internal resistance of the battery varies between about 0.4 Q and 0.75 Q 

In charging conditions, the apparent resistance is much higher. 

Clearly, therefore, a predetermined voltage measured at the terminals of the battery does not unequivocally identify 
20 a working point of the battery but identifies a plurality of possible working points. 

In order to identify a working point of the battery unequivocally, it is necessary to detect txAh the voltage at its ter- 
minals and the current delivered or absort>ed. 

In addtion to the working point, the pair of values V, I also defines the charge state of the battery 
However, the working point of the battery does not fully define the working condition of the supply system and indi- 
es cates only the algetxak; sum of the current delivered by the fuel cell through the converter and tiie current at>sorbed by 
the load. 

The maximum permissible power delivered by the battery, even for a fairly discharged battery. Is of the order of 150 
KW, which is about 80% of the peak power (180 KW) required by the system in drive: in fact, the peak power output is 
achieved with the participation of both the battery and the fuel cells. 
30 Figure 4 shiows tiie output electrical characteristics of the system constituted by the fuel cells and by the converter, 
connected to an active load (a voltage generator) such as a battery. 

In the case of a passive load, the mean current output by the converter (or niore precisely by the rectifier bridge) is 
independent of the load value and depends solely on the switching frequency of the converter. The output characteristic 
V, 1 (wHh a constant supply voltage) for any predetermined working frequency would t>e virtually a vertical line corre- 
35 spending to a predetermined output cunrent. 

In each characteristic, the working point or the voltage V wouki be set by the power absort>ed by the k>ad. 

In the case of an active load, this description is no longer valki and It Is necessary to take account of the voltage 
generated by the load. 

Without going into analytk^al considerations in detail, it is possfl^le to confirm that, rf VG Is the output voltage of the 
40 system applied to the primary of the transformer and VI is the supply voltage (hence VQ is tiie battery voltage applied 
to the primary, that is, divided by the turns ratb of the transformer and VI Is the voltage delivered by the fuel cells) the 
characteristics V,l of the system are segments F, G extending like rays from a working point witii zero current and volt- 
age VI with downward slopes which are variable in dependence on the etching frequency. 

More precisely, the slope decreases as the switching frequency Increased if tiie converter operates discontinuously 
45 (a quasi-resonant converter) and increases with Increases in switching frequency if the converter operates continu- 
ously 

For values of the voltage VG dose to half of the voltage VI the characteristics F, G also represent curves (rf load at 
constant power. 

If it is borne in mind that the range of variatbn of the battery voltages In the various load concfitions for the various 
50 charge states is of the order of ± 25% relative to a mean value. It may be consklered. with a negligible error, that, 
throughout the range of variation, the various characteristics represent a power output which depends exclusively on 
the switching frequency of the converter. 

In tiie case of continuous operation of the converter, ttie graph G represents the nrmimum power delivered at the 
minimum switching frequency F; the latter, as a minimum, may equal tiie resonance frequency f of the converter and 
55 corresponds to 1 0 KHz. 

The graph F represents the minimum power delivered at the maxirrujm switching frequency; for exanrpte. the min- 
irrum power is 20% of tiie maxinuim power and conresponcte to a switching frequency of tiie order of 40 KHz. 

In the case of discontinuous operation of the converter, the graph G represents the maximum power delivered at 
the maximum switching frequency F. for exanrple 40 KHz which, at ttie maximum, may be 1/2 of the resonance fre- 



5 



EP0 782 209A1 



quency f of the converter. 

In this case, the graph F represents the minimum power delivered at the minimum switching frequency; lor exam- 
ple, this is 20% of the maximum power and corresponds to a switching frequency of the order of 10 KHz. 

Clearly, with due variations of scale, Figure 4 represents both the electrical characteristics of the conversion system 
5 applied to the primary of the transformer and those applied to the secondary. 

The electrical characteristics of the fuel cell/converter system of Rgure 4. specularly transposed (to take account 
of the fact that the currents output by the system are input to the battery) and translated relative to the origin of the 
at>scissa by a distance corresponding to a generic load current IL. define the working point of the SL|>ply system in 
dependence on the switching frec^jency of the converter, on the load current IL. and on the charge state of the battery. 
10 For exanple. if IL = 250 A, the characteristics F. G of Rgure 4 conespond to the characteristics F1 , G1 of Rgure 3. 

Conversely, if the load cunent IL and the voltage available at the terminals of the battery are known, it is possible 
to define the switching frequency which brings about the delivery of a predetermined power by the fuel cell. 

The power delivered can be varied simply by varying the switching frequency according to a predetermined regu- 
lation characteristic. 

75 A regulation characteristic which is preferred owing to its simplicity and which requires solely the measurement of 
the battery voltage and the load current is represented in the regulation graph of Rgure 5 which shows the power PFC 
delivered by the fuel cell as available to the output of the converter, as a function of the power PL absorbed by the load 
L 

For power values PL greater than the maximum power PFCMAX which can be delivered by the fuel cell, the power 
20 delivered by the fuel cell is kept constant and equal to the maximum PFCMAX so as to make a maximum contribution 
to the load requirement. 

For load powers less than PFCMAX, the power delivered by the fuel cell is made to depend upon the charge state 
of the battery. 

In particular, if the battery voltage indicates a fully charged condition, the power PFC delivered by the cell Is equal 
25 to the load power PL (graph hi). 

If the battery voltage Is lower and thus indicates a partial charge condition, tiie regulation band is proportional and 
is displaced in accordance with the lower voltage so as to deliver a recfiarging power to the battery. 

TTie graphs I, J represent, by way of example, the regulation characteristics for a battery charge Q equal to 50% 
and for a charge Q equal to 10%. 
30 The portions of tfie regulation characteristics which are disposed in tiie left-hand quadrant (PL < 0) indicate tiiat tiie 
power for recharging the battery is the accumulation of a negative load power (recovered from ttie load, for example, 
during braking) and a power delivered by the fuel cell, which vary inversely maintaining a predetermined and constant 
recharging power which depends upon the battery voltage and hence upon its chiarge condition. 

The maximum recharging power is advantageously limited to a maximum permissik)le value for the battery. 
35 A regulation characteristic of this type can easily be achieved by the regulation circuit of Figure 6 which constitutes 
a preferred embodiment of that portion of the control logic 1 1 of Rgure 1 which performs the regulation function. 

The circuit of Rgure 6 relates to the case of a resonant converter operating discontinuously. in which the cunrent 
delivered t>y the converter increases with the switching frequency; with obvbus mocfif ications. it can also be adapted to 
the case of a resonant converter operating continuously. 
40 The regulation circuit of Rgure 6 comprises essentially an analog multiplier 1 18, an operational amplifier 18, a volt- 
age-controlled oscillator VC0 1 9 and a plurality of passive components such as resistors 20, 21 . 22, 23, 24, 25, a diode 
26, a capacitor 27 and a Zener diode 28. 

The analog multiplier 1 1 8 receives as an input a signal IL correlated to the bad current and a signal VB correlated 
to tiie battery voltage and produces an output signal PL correlated to ttie load power. 
45 The inverting Input of the anplrfier is connected to its output by the feedback resistor 23. 

The signal PL is applied to the non-inverting Input of the amplifier tiirough the resistor 20. 

The non-inverting input is also connected to earth through the resistor 24 which has a resistance equal to tiiat of 
the feedback resistor 23. 

The output of the anplif ier is connected to tiie input of an integrator circuit or low-pass filter formed by the resistor 
50 25 and tiie capacitor 27. 

In static or almost static conditions tiie voltage output by tiie integrator circuit is equal to the voltage EO output by 
the amplifier. 

In dynamic conditions, witii abruptly increasing voltage AO, tiie voltage output by the integrator circuit increases 
skwiy in dependence on the time constant RC of tiie integrator circuit. 
55 A diode 26 in parallel witii the resistor 25, however, ensures immediate adjustment (as far as ttie output impedance 
of tiie amplifier allows) of tiie voltage output by tiie integrator circuit for abrupt drops in tiie voltage EO. 

The output of the integrator circuit is connected to the input of the VC0 19 which generates a periodic square-wave 
output signal F witii a frequency proportional to the input voltage. 

A Zener dkxJe 28 connected between the input of ttie VCO and eartti limits the input voltage to a predetermined 
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maximum value. 

In the absence of other connections (resistors 21 . 22) and input signals, the circuit described produces, in depend- 
ence on the input signal PU an output signal of frequency F (proportional to PL) according to the regulation character- 
istic represented by the graph H of Rgure 5. 
5 The frequency F is limited to a maximum value (set by the Zener voltage of the diode 28) corresponding to the max- 
imum power which can be delivered by the fuel cell. 

Moreover, the rate of increase of F is limited to values permissble for the fuel cell by a suitable selection of the time 
constant RC of the integrator circuit 

In order to modify the output signal of the circuit in dependence on the downward deviation of the battery voltage 
10 from a voltage level corresponding to the voltage for a fully charged battery without load, a reference voltage VREF cor- 
responding to the voltage without load Is applied to the non-inverting input of the amplifier through the resista 22 whilst 
the measured battery voltage is applied as a signal VB to the inverting input through the resistor 21 . 

If R1 and RF are the resistances of the resistors 20, 21 , 22 and of the resistors 23, 24, respectively, the voltage EO 
is given by 

15 

EO = RF/R1 (PL + VREF - VB) = RF/R1 (PL - AV) 

where AV Is the voltage deviation. 

More generally, with a suitable selection of the value of the resistors 20, 21. 22 it is possible to adjust the various 
20 signals in scale so that EO = K1 (PL + K2.AV) where K1 and K2 are suitable coefficients. 

In order to adapt the circuit desaibed to the control of a continuously operating converter, it suffices, amongst the 
many solutions, to use a voltage-controlled oscillator in which the oscillation frequency varies Inversely with the control 
voltage, or to insert an operational amplifier with a sut>tracter function between the output of the integrator drcuit 25, 27 
and the VC0 19 in order to sii>tract the voltage output by the integrator circuit 27, 25 from a reference voltage equal to 
25 the Zener voltage of the Zener diode 28. 

The circuit of Figure 6 represents only a preferred analog embodiment which has been described for its simplicity. 

Clearly, however, many variations may t>e applied. 

For example, the Zener diode 28 is superfluous if the maximum voltage AO delivered by the amplifier imposes on 
the VCX) the output signal frequency equal to the predetermined maximum. 
30 Similarly, the oneway low-pass filter formed by the resistor 25. by the capacitor 27 and by the diode 26 can be 
incorporated In the feedl}ack circuit of the arrplif ier. 

More significant modifications result from the use of digital control logic, an embodiment of which is shown sche- 
matically in Figure 7. instead of analog circuits. 

A plurality of analog/digital converters 30, 31, 32, 33, 34 convert analog signals relating to cell voltage VFC, cell 
35 cunrent IFC. load current IL. battery current IB and battery voltage VB, respectively, into corresponding digital data. 

A programmable memory 35 to which the digital data corresponding to the working concfitions of the battery are 
addressed outputs a code indicative of the charge condition. 

A programmable logic device PLC 36 which may also consist of a standard microprocessor for industrial use 
receives, as inputs, the codes representative of the voltage and current output by the fuel cell, defines what the working 
40 condition of the fuel cell should be in dependence on the load current IL and the charge condition of the t>attery. and 
outputs a control code CC which is applied as an input to a controlled frequerKy divkJer 37. 

The frequency divider is timed by a periodic signal of predetermined frequency generated by an oscillator 38 and 
produces an output signal F with a frequency equal to the switching frequency which is imposed on the quasi -resonant 
converter. 

45 Whereas the regulation circuit of Rgure 6 Is of the open-loop regulation type, the diagram of Rgure 7 represents a 
regulation system with a feedback loop since it provides for the use of tiie signals VFC and IFC for the measurement of 
the power actually delivered by the fuel cell and its comparison witti the power set and the correction of any enror. 
Many other variatiorts and improvements may be applied. 

For exanrple. as well as an upper limit on the power delivered by tiie fuel cell, it Is possit}le to preset a lower limit 
50 for the power delivered, for exanple. of 20% of the maximum power and corresponding to the mean power taken up by 
the service equipment of the electric vehk;le. 

Wt\h reference to Figure 6. this can be achieved, for example, by tiie connection of the input of the VCO 19 to a 
diode 52 the anode of which is connected to a voltage supply •I-V2 of suitable value. 

This also permits optimal dimensbns of tiie f ater capacitors 2 and 7 of Rgure 1 and working conditions with a fre- 
55 quency preferably greater than 20 KHz witti the elimination of audible-frequency noise generated by the inductor L and 
by the transformer 5 (Rgure 1) as a result of tiie current pulses. 

In a quasi-resonant power conversion system with a transformer, conversion efficiency Is greatiy affected by the 
characteristics of the transformer and by its dimensions. 

The transformer 5 shouM have insulation which enables it to withstand, with due safety margins, the primary volt- 
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age which is applied thereto as a square wave by the converter and which corresponds, in the worst case, to the niax- 
imum voHage delivered by the fuel cell (800 volts without a load). 

The secondary has to be able to withstand the maximum battery voltage (= 750 V in recharging conditions). 

The dimensions must be such as to prevent saturation of the magnetic circuit at the peak value of the pulsed cur- 
5 rent imposed by the resonant circuit which is of the order of 140 A in the primary. 

The losses in the core (owing to hysteresis and stray currents) and in the windings (resistive) have to be kept within 
limits such as to enable the transformer to be cooled by natural air circulation within an electrical panel housing the 
entire electronic power system, with an ambient temperature of between -20**C and +50**C. 

Rnally. the transformer has to be able to operate in a frequency range of between 10 KHz and 50 KHz. 
10 It thus has to recondle the specific requirements of high-frequency transformers with those of power transformers. 

Rgure 8 shows, in section, a preferred embodiment of a transformer which satisfies these requirements, formed 
with a modular structure from commerdallynavailable magnetic components. 

In fact, no transformers exist for applications of this type. 

TTie transformer comprises a magnetic core formed by four packs 41. 42. 43, 44 of U-shaped ferrite cores juxla- 
75 posed to form two parallel cavities for housing primary and secondary windings with generally rectangular turns. 

Each of the packs is formed in turn by a plurality of separate ferrite cores juxtaposed in a direction perpendicular to 
the plane of the drawing. 

Tlie packs may be clamped and bound together by mechanical ties or. preferably, cemented with epoxy resin vinth 
the winding inserted. 

20 By way of example, each elementary ferrite core has a width L of 93 mm, a height H of 76 mm. a cavity width L1 of 
34 mm and a cavity depth HI of 48 mm. 
The thickness of the cores is 20 mm. 

Each pack is formed by four cores. A larger number of cores may be used if a greater power Is required. 
In order to limit the leakage reactance value, the winding selected Is of the concentric type with two primaries 46. 
25 47 t>etween which the secondary 45 is interposed. 

To reduce the skin effect in the windings, these are formed with a Litz wire with outer synthetic polyamide paper 
insulation known commercially as NOMEX. which can withstand temperatures up to 180*^0. 

Clainrts 

30 

1 . A supply system with fuel cells and a buffer battery for self-supplied vehicles with electric drive comprising: 

- a fuel cell (1), 

35 - a buffer battery (8). 

- an electric load (Z1) supplied by the battery, 
and characterized in that it comprises: 

40 

a resonant convertor (3, U C) with a series load (Z). supplied by the fuel cell (1 ). 

a transformer (5) with a primary (4) connected to the output of the resonant converter (3. L. C) and a secondary 
(51). 

45 

a diode rectifier bridge (6) with its input connected to the secondary (51) and its output connected to a capac- 
itive fitter (7) and to the terminals of the battery (8). 

- means (9. 10) for detecting the voltage at the battery terminals and the cun-ent delivered to the load (Z1). and 

50 

- control means (11) coupled to the detection means (9, 10) in order to impose on the converter (3) a switching 
frequency correlated jointly with the load current and with the battery voltage. 

2. A system according to Claim 1. in which the fuel cell (1) is a solid polymer electrolyte cell with an output voltage 
55 bwer than the voltage of the buffer battery (8). 

3. A system according to Claim 1 , in which the converter (3. L, C) comprises a conversion bridge (3) formed by IGBT 
controlled transistas. 
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4. A system according to Claim 1 in which the oom^erter is a continuously operating converter and the control means 
(11) comprise means (28) for limiting the switching frequency to a minimum value corresponding to a power con- 
verted t>y the converter equal to the maximum power which can be delivered by the fuel cell (1). 

5 5. A system according to Claim 4, in which the control means (11) comprise means (25. 26, 27) for limiting the rate of 
decrease of the switching frequency to a predetermined value correlated with the maxinum permitted rate of 
increase of the power delivered by the fuel cell. 

6. A system according to Claim 4 or Claim 5, in which the control means (1 1) comprise means (52) for limiting tiie 
10 switching frequency to a maxinrum value coresponding to a power converted by the converter equal to a minimum 

power. 

7. A system according to Claim 1 . in which the converter is a discontinuously operating converter and the cont'd 
means (11) corrprise means (28) for limiting the switching frequency to a maximum value corresponding to a power 

15 converted by the converter equal to the maximum power which can be delivered by the fuel cell (1). 

8. A system according to Claim 7, in which the control means (1 1) comprise means (25. 26. 27) for limiting the rate of 
increase of the switching frequency to a predetermined value correlated with the maximum permisstksle rate of 
inaease of tiie power delivered by the fuel cell. 

20 

9. A system according to Claim 7 or Claim 8, in which the control means (1 1) comprise means (52) for limiting the 
switching frequency to a minimum value corresponding to a power converted by the converter equal to a minimum 
power. 

25 1 0. A system according to the preceding claims, in which the transformer (5) comprises a magnetic core formed by tour 
packs (41 , A2, 43. 44) of nrxxjular, U-shaped, ferrite cores arranged so as to form two cavities for housing tiie two 
opposite sides of a primary winding (46, 47) arxJ a secondary winding (45) with rectangular turns. 
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